Doping of materials is enormously diverse in its purpose, covering the amelioration of electrical, [1] magnetic, [2] or optical [3] properties of materials. Doping is of equal significance for glass science, since it is a simple, yet extremely effective, method to modulate the crystallization kinetics of, in particular, "bad" glass formers, such as (semi-) metals, [4, 5] metallic glasses, [6] or phase-change (PC) materials. [7] PC materials show ultrafast speeds of crystallization on the order of ~1 ns, or even sub-nanoseconds, [8] together with other unique characteristics, which renders them very promising for the development of devices for, e.g., so-called universal-memory, logic, [9, 10] or neuromorphic-computing [11, 12] applications, to replace current silicon-based technologies. However, the tendency of (unwanted) spontaneous crystallization of the corresponding amorphous phases at elevated temperatures diminishes long-term (amorphous-phase) data retention, imposing a substantial limitation in diverse practical applications. Dopants, notably N, [13] [14] [15] [16] [17] [18] have been shown significantly to improve not only such a thermal-retention property of amorphous PC materials, but also various other performance improvements, such as power consumption, endurance, and potential multi-bit
data-storage capability. As a result, an intensive effort has been devoted to understand the role of N dopants on the crystallization kinetics, particularly of the prototypical PC material, Ge 2 Sb 2 Te 5 (GST), doped with nitrogen (NGST).
Experimental observations at a macroscopic scale for N-doped GST point to a significant alteration in crystallization kinetics for a low level of doping by nitrogen, notably resulting in a strong grain refinement, and a sizable increase in both crystallization temperature (T c ) and the electrical resistance. In line with the increase in T c , the incubation time for crystal nucleation, seemingly along with the growth time, increased by up to an order of magnitude with N doping. [17, 19] It is noted that, contrary to most cases, an increase in crystallization time was reported when a nitride layer was inserted into a GST thin film. [20] At the same time, the N doping induced a substantial broadening in the distribution of nucleation times, [17, 19] indicative of the N-induced formation of nucleation sites with very different nucleation behaviour on the microscopic scale. Computational approaches, in particular ab initio molecular-dynamics (AIMD) simulations, have been recently employed to understand the effect of N doping at the atomic scale. Contrary to the crystallization studies of undoped GST materials, [21, 22] previous AIMD simulations for NGST failed to emulate the drastic N-induced changes in crystallization behaviour, merely revealing a structural alteration in the vicinity of N atoms at the molecular scale. [23, 24] Moreover, despite some promising results of mean-field theoretical approaches, [25, 26] a vivid description of the concrete microscopic processes involved in the nucleation and growth is generally very limited. Therefore, the atomistic origins responsible for the altered crystallization kinetics upon N doping remain unanswered, in spite of its scientific, and practical, importance. In this report, we show how a minor level of N doping in GST can have a decisive effect on the crystal nucleation-and-growth processes from AIMD simulations with model sizes larger than those of previous doped GST models [24, [27] [28] [29] (see supplementary information). A microscopic mechanism governing the crystallization kinetics in NGST is provided from the investigation of various aspects of doping effects on an atomic scale, from which most of the experimental observations reported so far can be comprehensively understood, presumably with implications for the physics of crystallization in other doped glasses.
In order to investigate the effect of doping on crystallization, we performed conventional annealing AIMD crystallization simulations [21] for NGST using the Vienna ab-initio simulation package (VASP) [30] under the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof (PBE) [31] with a projected augmented-wave (PAW) method.
[32] Figure 1a shows the observed distribution of the onset times (t inc ) for the formation of stable crystalline clusters at 700 K (i.e. the incubation time for simulated nucleation) in undoped 180-atom GST models (whose length of one side of the cubic simulation box was ~1.8 nm),
for which all the incubation times were within ~ 0.3 ns at 700 K. For comparison, the distribution of incubation times for the similarly sized GST models at 600 K is also shown in Figure 1a . Significantly, though, the inclusion of only 1.6 at.% N completely prevented the formation of stable crystalline clusters throughout the whole annealing time of ~3 ns at 700 K ( Figure 1b ). This annealing time for the NGST simulation was much longer than the observed maximum incubation time for the GST model at 700 K, which can therefore be considered long enough for a meaningful comparison to be made between GST and NGST models; a similar behaviour was found for a model with 2.7 at.% N doping at 700 K. Although it is still not clear whether the simulated values represent actual incubation times due to possible finite model-size effects, it becomes evident from a comparison between similarly sized GST and NGST models that, at least at 700 K, a minor level of N doping can effectively disturb the occurrence of a nucleation event, resulting in a substantial increase in the incubation time for nucleation, as has been similarly observed in experiment. [17, 19] The impact of N doping on crystal growth in GST is demonstrated in Figure 2 (see Supplementary Information for the method of crystal-growth simulations). In the model configuration shown, a single N atom is found to retard the propagation of a crystal plane of GST at 600 K by at least ~0.1 ns, which corresponds to the time scale required for about ~2 nm of growth from the N-free side of the crystalline-template plane (the middle panels in Figure 2a ). This result is in direct contrast to the case of undoped GST, in which no similar retardation in growth was observed (see the left panels in Figure 2a) . A larger 329-atom NGST model (25% longer along the c-axis) showed the same behaviour (see Figure S6 ), which further supports the above simulational results. A similar retardation of growth is observed in the NGST models annealed at 700 K (see the right panels in Figure 2a and Figure   S6 ). The observed spatial extent of the (presumably transient) pinning of growth along the crystalline plane (x-y plane) is found to reach to a length scale (at least > 1 nm) much beyond the spatial extent of the N complexes themselves. Although a quantitative comparison with experiments is, unfortunately, not possible due to a seeming lack of experimental crystalgrowth data in NGST, as well as simulational limitations (such as the limited model size), the retarded crystal growth inferred from experiments [17, 19] is well reproduced here.
The drastic change in the simulated nucleation times, and in growth behaviour, with less than 2 at. % of N doping, at least, implies that the overall structural changes (hence, the averaged structural parameters) are unable to describe the crystallization kinetics in NGST (see Table S1 , Figure S1 and S2). The atomic diffusivity (D), on the other hand, is one of the key parameters that control the kinetic term of the nucleation and growth probabilities in classical nucleation theory (CNT). Therefore, in the following, we first examine the Ninduced impact on atomic diffusivity in GST, as a first step in exploring the origin of the retarded nucleation-and-growth processes. is required for a precise description of atomic dynamics in NGST. It is noted that an N 2 molecule (observed in the 10 at. % N-doped GST model) showed the highest diffusivity due to its negligible chemical interactions with the host GST elements (see Figure S5 ), whose role in crystallization, in particular, for heavily doped cases may be of interest for a further study. [33] In any case, within the framework of CNT, the N-induced slowdown in dynamics should lead to a corresponding decrease in nucleation and growth probabilities. Therefore, the retarded crystallization can be partially attributed to the decreased atomic mobility caused by N dopants. In a quantitative sense, though, the large delay in the simulated nucleation time of NGST, at least an order of magnitude larger than that of GST, may require further explanation, presumably beyond the dynamical slowdown. As a passing remark, the decrease in atomic mobility may be associated with the improved endurance of PC memory (PCM) devices with N doping, [20] as this could suppress the elemental segregation, [34] one of the known failure mechanisms of PCM cells.
The analysis of atomic trajectories, and of the local medium-range structural order, during annealing at 700K reveals that, indeed, there exists another important crystallization parameter of the local-structural heterogeneity that significantly influences both the nucleation ( Figure 1c ) and growth processes (Figure 2b ). More specifically, due to a topological mismatch (i.e. different bond angles and bond lengths) in the local coordination between N dopants and GST host elements, the growth of a (crystalline-like) planar structure, which has been identified as an intermediate step for the fast 'normal' growth of cubic clusters in GST, [22] was frustrated by severely distorted 4-fold (or higher-order) rings around N-complexes (Figure 1c ) that prevent a crystalline-like cluster (represented as spikes in Figure 1b ) from growing beyond the critical-nucleus size (5-10 cubes for this model size [22] ).
In fact, this observation conforms to the current consensus that the ultrafast crystallization of GST could be facilitated by the cooperative atomic movements, driven by near-identical local structures (i.e. a defective octahedral coordination) of GST elements. [21, 22, 35] ; N dopants with a tetrahedral, or trigonal, local coordination frustrate the cooperativeness in atomic motions, thereby interrupting the nucleation process. Such kinetic constraints similarly affected the crystal-growth process at the amorphous-crystalline interfaces (Figure 2b ). The significant influence of topological incompatibility on the static structure of crystallized GST is also evident from Figure 2c , where the (distorted) rock-salt structure of metastable crystalline GST suffers from a severe lattice distortion near the N atom. Such structural imperfections due to N dopants should cause an increase of system energy. [23, 24] According to a theoretical consideration based on CNT (see supplementary information for details), the nucleation probability is likely to diminish, due to an increase in the energy barrier for nucleation, in such a case, i.e. when a dopant (or more generally a cluster of dopant complexes) forms heterogeneous interfaces with a host matrix, which is the case expected for N dopants in GST.
It is also suggested that the more (or larger) N clusters that a subcritical nucleus contains, the less probable becomes the occurrence of the nucleation event. Putting these simulational and theoretical observations together, we can conclude that one of the central consequences of N doping would be the formation of constrained nucleation, and growth, sites at the expense of normal sites, the former being more sluggish in speed, yet demanding a higher activation energy, for transformation than the latter. The formation (or coexistence) of such sites is supported by various experimental observations, including the elongated (average) nucleation times, accompanying the broadening in their distributions, [17, 19] and the change in the lattice constant. [13] To support further the findings so far, as well as to get more general ideas on factors affecting crystallization in doped GST, we studied more dopant species as diverse as elements over Groups III-VI of the Periodic Table (Figure 4) . The simulated diffusivities of dopants showed a broad distribution in their values with up to an order of magnitude difference at 600K, and the topology of the local structure in GST was either (defective) octahedral, tetrahedral, trigonal geometry, or their mixtures. Significantly, we could immediately notice discernible trends that: i) all of the experimentally-identified "constraining" dopants emerges from the observed formation of tightly-bound 'molecular' cages around dopants that eventually disturbed hopping-induced diffusion. The previous argument of doping-induced modification in crystallization in terms of bond strength [36] (or analogously bond enthalphy [26] ) may be, therefore, more-or-less rationalized by the correlated change in diffusivity. The other signature of constraining dopants of a small atomic size (the inset of Figure 4 ) can be similarly understood by their non-octahedral coordination, often together with their low diffusivities. The existence of such correlations thus allows many dopant characteristics, including those proposed to be relevant by others, [26, 36, 37] to be explainable within our retardation-mechanism scheme.
So far, we have focused on the microscopic parameters associated with the 'kineticallyconstrained' transformation in NGST. From now on, we discuss its implications on a larger scale, possibly insightful for understanding the macroscopic crystallization behaviour. First of all, a gradual switching from normal to constrained sites with increasing N concentration can generally explain the slowdown in crystallization speed [17] and the increase in T c , [15] which is a known reason for the improved data-retention property of NGST-based PCM devices. As more severely constrained sites are being generated with increasing N concentrations, a gradual decrease in the effective crystallization volume must be expected. Accordingly, the residual non-crystallized volume fractions, [18] together with a possible disorder-induced electronic localization in crystalline grains as a result of constrained nucleation and growth events, could lead to an increased electrical resistance of crystallized GST upon N doping, and a consequent reduction in power consumption in PCM cells. [38] Another interesting experimental observation with N doping is the grain-refinement phenomenon. [13, 14, 39] The segregation of nitrogen atoms at grain boundaries [15] has often been assumed to be responsible, yet with little evidence; therefore, the question of what is the microscopic origin of grain refinement is still not answered. Thus, we present here some implications from our simulational results in favour of this hypothesis, at least partially.
Although a lack of information on N distributions available from experiments precludes any detailed discussion, we can schematically describe the grain-refinement phenomenon from a clustered distribution of N dopants, originating from an exceptionally long lifetime (τ Ge-N ) of Ge-N bonds (Figure 5a ). The observed process of cluster formation is clearly illustrated in Figure 5b ; once N complexes form a cluster after random diffusion, they tend to spend more time in the cluster due to the high value of τ (Figure 5c ), which then substantially increases the probability of forming a larger cluster by absorbing other N atoms. Among possible N distributions (Figure 5d ), therefore, we believe that the intermediate case between the random and completely clustered distributions may be most likely, although the degree of clustering in question should vary, depending on the thermal history that determines the evolution of τ and D. In the case of undoped GST, the growth of a nucleus is restricted only by the nearby growing nuclei, i.e., the relative ratio of nucleation to growth rates is the only important parameter. [40] On the other hand, in the case of NGST, the N-induced pinning in growth (Figure 2) , together with the help of the schematic description of dopant distributions in Figure 5d , suggests that the presence of large clusters of N complexes imposes additional restrictions on the growth of individual supercritical nuclei (or grains), which should result in a smaller average grain size than otherwise would be the case. An empirical, yet indirect, piece of evidence supporting such a clustering-driven, grain-refinement mechanism is that grain refinement was commonly observed for most of the constraining dopants [37, [41] [42] [43] [44] which showed, at the same time, a tendency of clustering, either observed from simulations ( Figure   S4 ) or predicted from their large values of τ.
In summary, the topological, and dynamic, aspects of N doping, together with the spatial dopant distribution, were found to critically influence the crystallization kinetics of NGST.
The obtained knowledge, as to the relationships between crystallization kinetics and dopant characteristics, may be useful, not only for selecting dopants (possibly in silico) for optimizing the performance of PCM devices, but also for understanding the effects of doping on crystallization in other glasses. For instance, many aspects of the empirical criteria found in the crystallization of metallic glasses [45] are analogous to those found in this study. The idea of a local kinetic constraint with doping, therefore, may be applicable to, and hence can be tested in, other glass systems, with much broader implications.
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Supporting Information is available from the Wiley Online Library or from the authors. for nucleation generated from GST models at 700 K. For comparison, the distribution of incubation times at 600K, some of which are taken from the simulations in [22] , is also shown. K. Constraining dopants that tend to increase T c with doping (i.e. N, Si [41] , O [46] , C [37] , B [43] , Ga [44] , and Al [36] ) are highlighted by large blue circles. The topology of the local structure and the mean bond length for each dopant are also indicated in the parentheses: T, Tr, or O denote tetrahedral, trigonal or (defective) octahedral geometries of dopant complexes, respectively; the number is the value of the ratio R dopant /R Ge/Sb . We note that the experimental results for the B dopant refer to a GeTe host and for Ga to a Ge 3 Sb 2 Te 5 host, while the host composition for all the other dopants was GST. No report has been published for P and As doping, as far as we 
